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X-ray reflectivity measurements of the binary liquid Ga-Bi alloy reveal a dramatically different
surface structure above and below the monotectic temperature Tmono = 222
◦ C. A Gibbs-adsorbed
Bi monolayer resides at the surface at both regimes. However, a 30 A˚ thick, Bi-rich wetting film
intrudes between the Bi monolayer and the Ga-rich bulk for T > Tmono. The internal structure of
the wetting film is determined with A˚ resolution, showing a theoretically unexpected concentration
gradient and a highly diffuse interface with the bulk phase.
PACS numbers: 61.25.Mv,68.10.–m,61.10.–i
I. INTRODUCTION
A thick wetting film may be stable at the free surface
of a binary immiscible liquid mixture and the tempera-
ture dependent formation of this surface film is strongly
influenced by the bulk critical demixing of the underlying
bulk phase.1 In contrast to surface segregation, where a
monolayer of the low surface tension component forms at
the interface of the binary mixture, wetting is a genuine
phase transition occuring at the interface resulting in the
formation of a mesoscopically or macroscopically thick
film.2 To date, nearly all studies of wetting phenomena
have been carried out with dielectric liquids dominated
by long-range van der Waals interactions3 and the ex-
perimental techniques used achieve mesoscopic resolution
only. For binary alloys dominated by screened Coulomb
interactions, evidence for a wetting transition has so far
been obtained only for Ga-Bi4 and Ga-Pb.5 In the case
of Ga-Bi, the formation of a Bi-rich wetting film has been
detected by ellipsometry in the temperature range from
220◦C to 228◦C.4 However, since the film thickness is
much smaller than the wavelength of visible light, ellip-
sometry cannot provide A˚-resolution structural informa-
tion. By contrast, x-ray surface scattering techniques
allow determination of the structure of the wetting film
with atomic resolution and address issues such as the in-
ternal structure of the film and its evolution from molec-
ular to mesoscopic thickness, none of which was hitherto
addressed by any of the previous measurements.
The wetting phase transition is depicted schematically
in Fig. 1. Below the bulk critical point of demixing, Tcrit,
the bulk phase separates into two immiscible phases,
the high density Bi-rich phase and the low density Ga-
rich phase. Below the characteristic wetting temperature
Tw < Tcrit, the high density phase is confined to the
bottom of the container as expected (see Fig. I(a)). As
discussed in more detail below, for Ga-Bi, the high den-
sity phase is solid in this case and Tw coincides with the
monotectic temperature Tmono. In contrast, above Tw
the high density phase completely wets the free surface
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FIG. 1: Phase diagram of Ga-Bi (Ref. 8). Between 29.5◦ C
and 222◦ C, solid Bi is in equilibrium with a Ga-rich liquid
phase. Between 222◦ C and 262◦ C, a liquid Bi-rich phase is in
coexistence with a liquid Ga-rich phase. The surface structure
of this alloy has been measured between 35◦ C and 258◦ C at
selected points along the coexistence line ( ). For T <222◦ C
partial wetting occurs (a), whereas complete wetting is found
for T >222◦ C (b). The inset depicts the geometry for specu-
lar x-ray reflectivity.
by intruding between the low density phase and the gas
phase in defiance of gravity (see Fig. I(b)).2,6
II. SAMPLE PREPARATION
The Ga-Bi alloy was prepared in a inert-gas box us-
ing at least 99.9999% pure metals. A solid Bi ingot
was placed in a Mo pan and supercooled liquid Ga was
added to cover the Bi ingot. At room temperature, the
solubility of Bi in Ga is less than 0.2at%. Increasing
the temperature results in continuously dissolving more
2Bi in the Ga-rich phase with solid Bi remaining at the
bottom of the pan up to the monotectic temperature,
Tmono= 222
◦C. The initial Bi content was chosen to be
high enough that the two phase equilibrium along the
miscibility gap could be followed up to few degrees below
Tcrit without crossing into the homogeneous phase region
(see Fig. I). The temperature on the sample surface was
measured with a Mo coated thermocouple. The alloy was
contained in an ultra high vacuum chamber and the resid-
ual oxide on the sample was removed by sputtering with
Ar+ ions.7 Surface sensitive x-ray reflectivity (XR) ex-
periments were carried out using the liquid surface spec-
trometer at beamline X22B at the National Synchrotron
Light Source with an x-ray wavelength λ =1.24 A˚ and a
detector resolution of ∆qz =0.03 A˚
−1
. The background
intensity, due mainly to scattering from the bulk liquid,
was subtracted from the specular signal by displacing the
detector out of the reflection plane.7
III. EXPERIMENTAL TECHNIQUES
The intensity reflected from the surface, R(qz), is
measured as a function of the normal component qz =
(4pi/λ) sinα of the momentum transfer. The XR geome-
try is depicted schematically in the inset of Fig. I. R(qz)
therefore yields information about the surface-normal
structure as given by
R(qz) = RF (qz) |Φ(qz)|
2
exp[−σ2cwq
2
z ], (1)
where RF (qz) is the Fresnel reflectivity of a flat, infinitely
sharp surface and Φ(qz) is the Fourier transform of the
local surface-normal density profile ρ˜(z):7
Φ(qz) =
1
ρ∞
∫
dz
dρ˜(z)
dz
exp(ıqzz) (2)
with the bulk electron density, ρ∞. The exponential fac-
tor in Eq. 1 accounts for roughening of the intrinsic den-
sity profile ρ˜(z) by capillary waves (CW):
σ2cw =
kBT
2piγ
ln
(
qmax
qres
)
. (3)
The CW spectrum is cut off at small qz by the detector
resolution qres and at large qz by the atomic size a with
qmax ≈ pi/a.
7 However, ρ˜(z), can not be obtained directly
from Eq. 2 and we resort to the widely accepted proce-
dure of adopting a physically motivated model for ρ˜(z)
and fitting its Fourier transform to the experimentally
determined R(qz) as will be shown further below.
7
The reflectivity of pure liquid Ga exhibits a pro-
nounced interference peak indicating surface-induced lay-
ering of ions near the surface (see Fig. II(a)).9 Previ-
ous experiments on Ga-Bi at low temperatures10,11 show
that the layering peak is suppressed in the liquid alloy
and R(qz) is dominated by a broad maximum consistent
with a single Bi monolayer segregated at the surface as
expected since γ is considerably lower for Bi than for
Ga.11
(a)
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FIG. 2: (a) Fresnel normalized reflectivity R/RF from Ga-Bi
alloys for T < Tmono: ( ): 100 at% Ga; (△): 99.7 at% Ga
(35◦ C); (×): 98.7% Ga (95◦ C); (): 98.4% Ga (110◦ C );
(◦): 96.5% Ga (155◦ C ); (•): 95.3% Ga (178◦ C ) and (⋄):
93.2% Ga (207◦ C ). Shaded line: fit to layered density pro-
file of pure Ga (see Ref. 9); solid lines: fit to layered density
profile of Ga plus Bi monolayer (see Ref. 10); broken lines:
fit to Bi monolayer (this work). (b) Intrinsic density pro-
files normalized to ρ∞ for Ga-Bi for 110
◦ C ≤ T ≤ 207◦ C
using the one-box model described in the text. The profiles
essentially fall on top of each other and two representative fits
are shown: 110◦ C (solid line) and 207◦ C (broken line). (c):
Schematic representation of the (two-)box model. (d): CW
roughness σcw for Ga-Bi alloys as a function of temperature
using γ from our fit ( ) and from macroscopic surface tension
measurements (, see Ref. 14).
IV. RESULTS
Here, we report x-ray measurements from liquid Ga-
Bi for T up to 258◦C encompassing the formation of
the wetting film at T > Tmono, the lowest tempera-
ture at which the liquid Bi-rich phase is stable. The
actual wetting transition likely lies below Tmono but does
3not manifest itself since the wetting film is solid for
T < Tmono. Experimental evidence for this assump-
tion has been found for the similar systems Ga-Pb12
and K-KCl.13 The discussion of the data is divided into
two parts: (i) T < Tw ≃ Tmono (110
◦C-207◦C) and
(ii) T > Tw (228
◦C-258◦C). We present the results for
T < Tmono (scenario (a) in Fig. I) first since this corre-
sponds to the simpler surface structure with monolayer
segregation but no wetting film.
Below Tmono: Fig. II(a) shows R(qz) from liquid Ga-
Bi at selected points along the coexistence line between
110◦C and 207◦C. Since subsurface layering is impossi-
ble to resolve at these temperatures, we simply model the
near-surface density, which is dominated by the Bi mono-
layer segregation, by one box of density ρ1 and width d1.
The density profiles are shown in Fig. II(b) and the box
model is shown schematically in Fig. II(c) (solid line).
The best fit to R(qz) that corresponds to this density
profile is represented by the broken lines in Fig. II(a).
The mathematical description of the general box model
with a maximum number of two boxes is:
ρ˜(z) =
ρ0
2
{
1 + erf
(
z
σ0
)}
−
2∑
i=1
ρi
2
{
1 + erf
(
z − di
σi
)}
(4)
where σ0 and σi are the intrinsic roughnesses of each
of the three interfaces. The total roughness, σ, of the
interface between the vapor and the outermost surface
layer is given by σ2 = σ20 + σ
2
cw with σ0 = 0.78±0.15 A˚
for T < Tmono. As predicted by capillary wave theory,
the product σ2cwγ (with γ from our fits) depends linearly
on T (see Eq. 3 and ( ) in Fig. II(d)) over the entire tem-
perature range. This variation is essentially the same if
γ is not taken from our fits but from macroscopic surface
tension measurements ().14 Apart from the increasing
surface roughness, the structure of the surface does not
change over the entire temperature range from 110◦C
to 207◦C, as witnessed by the intrinsic density profiles
that fall right on top of each other once the theoretically
predicted temperature dependence of the CW roughness
has been corrected for (Fig. II(b)). Between 212◦C and
224◦C, we observed rapid and random changes in the
scattered intensity over the entire qz range. This un-
stable behavior of the surface is most likely due to the
coexistence of patches of different film thickness induced
by the temperature gradient of about 6K normal to the
the sample pan.
Above Tmono: The surface stabilized above Tmono
at about 228◦C and and a sharper peak in R(qz) ap-
peared centered around 0.13 A˚
−1
(see Fig. IV), indicat-
ing a thick film of high density forming near the surface.
The persistence of the broad maximum centered around
qz ≈ 0.75 A˚
−1 indicates that Bi monolayer segregation
is still present along with the newly formed thick wet-
ting film. Several models were used to fit R (qz) but
they all result in essentially the same density profiles.
Here, we use the simple two-box model (see broken line
in Fig. II(c) and Eq. 4). As can be seen in Fig. IV, this
simple model gives an excellent description of the ex-
FIG. 3: R/RF from Ga-Bi alloys for T > Tw: (•): 90.6 at%
Ga (228◦ C); (): 88.8% Ga (238◦ C); (△): ditto, but after
heating to 258 ◦ C and cooling down; (×): 79.1% Ga (258◦ C);
(for comparison, see:(⋄), 207◦ C). Solid lines fit to two-box
model; broken line: fit to one-box model. Inset: intrinsic
density profiles, ρ˜(z), for Ga-Bi alloys normalized to the bulk
density, ρGa,bulk = ρ∞, at T > Tw: solid lines ordered in
decreasing wetting film density: 228◦ C, 238◦ C and 258◦ C.
Compare to the one-box density profile of Ga-Bi at 207◦ C
(shaded line).
perimentally obtained reflectivity. The pertinent density
profiles describing the surface-normal structure of Ga-Bi
alloys for T > Tmono are shown in the inset of Fig. IV
and have the following features that can be compared
to present predictions of wetting theory: (i) density, (ii)
thickness and (iii) roughness of the wetting film.
(i) The concentration profile is highly inhomogeneous
with a high density region at the outermost surface
layer.15 The integrated density of this adlayer is consis-
tent with a monolayer of the same density as the mono-
layer found for T < Tmono. However, the Bi monolayer
segregated on top of the wetting film is rougher and
broader than the Bi monolayer segregated on top of the
Ga-rich bulk phase for T < Tmono. This change in surface
structure corresponds to a change in the intrinsic rough-
ness of the interface liquid/vacuum, σ0, from 0.78±0.15 A˚
below Tmono to 1.7±0.3 A˚ above Tmono. However, the
CW roughness still follows the predicted T-dependence
of Eq. 3 (see Fig. II(d)).
This change of σ0 upon crossing Tmono is possibly re-
lated to the fact that for T > Tmono, the pure Bi mono-
layer segregates against a Bi-rich wetting film made out
of atoms of different size and with repulsive heteroatomic
interactions. By contrast, for T < Tmono, this segrega-
tion takes place against almost pure Ga. The fact that
the Bi monolayer segregation persists from partial wet-
ting to complete wetting means that the wetting film does
4not intrude between the Ga-rich bulk phase and vacuum,
as assumed by wetting theory, but between the Bi mono-
layer already segregated at the surface and the Ga-rich
bulk phase. This should have a pronounced influence on
the energy balance at the surface which ultimately gov-
erns the wetting phase transition. Even though the possi-
bility of an unspecified concentration gradient is included
in Cahn’s general theory1, to our knowledge, an inhomo-
geneous density profile is neither treated explicitely in
theoretical calculations (see the homogeneous profiles dis-
played in 16,17) nor found experimentally. At 228◦C the
density of the thick wetting film is ρ2 = (1.25± 0.03)ρ∞
where ρ∞ is the density of the Ga-rich bulk phase. This
agrees very well with the ratio of the densities of the
coexisting Bi-rich and Ga-rich phases in the bulk, calcu-
lated from the phase diagram to be 1.23. The density of
the wetting film reaches ρ∞ with increasing T (ρ2/ρ∞ =
1.18±0.03 at 238◦C and 1.08±0.02 at 258◦C) as the den-
sities of the two bulk phases converge upon approaching
Tcrit (their density ratio is 1.20 at 238
◦C and 1.08 at
258◦C). This strongly supports the conclusion that the
thick wetting film is the Bi-rich bulk phase as predicted
by wetting theory.
(ii) The thickness of the wetting film, d2, at 228
◦C is
determined from the density profile to be ∼30 A˚, consis-
tent with a model-dependent estimate from ellipsometry
results.4 In addition, the thickness of the wetting film
is corroborated by independent grazing incidence diffrac-
tion experiments resolving the in-plane structure which
will be reported elsewhere.18 The wetting film in this
Coulomb liquid with short-range interactions is consid-
erably thinner than wetting films that have been observed
in dielectric liquids with long-range interactions.3,19 An
important question concerning the thickness of a wetting
film is whether the wetting film has been investigated
in equilibrium. The fact that identical reflectivities were
measured at 238◦C taken 24 hours apart (Fig. IV), is
strong evidence that the film thickness is in equilibrium
in our study.19
(iii) The roughness between the Bi-rich wetting film
and the Ga-rich bulk film is much higher that the rough-
ness of the free interface LM/vacuum. This is be ex-
pected since the interfacial tension between two similar
liquids is generally much lower than the liquid/gas sur-
face tension.20 On the other hand, it is not clear how
sharp a concentration gradient should be expected be-
tween the Ga-rich and the Bi-rich phase and the interface
may be essentially diffuse, independent of CW roughness.
With increasing temperature, the wetting film becomes
less well defined and it is not obvious whether this is due
to the fact that the film is becoming slightly thinner, or
if only the interface between two converging phases gets
more diffuse. At any rate, we are far enough away from
Tcrit that the predicted thickening of the wetting film due
to the increasing correlation length of the concentration
fluctuations should not play a role. Once the thick wet-
ting film has formed, it is not possible to cool the sample
below Tmono since the Bi-rich wetting film remains at the
surface and freezes.
V. SUMMARY
In summary, we investigated the structural changes oc-
curring on atomic length scales at the surface of liquid
Ga-Bi during the wetting transition. In the case of par-
tial wetting (T < Tmono), a Bi monolayer segregates at
the surface to lower the surface energy. Above the mono-
tectic temperature complete wetting is found and a 30 A˚
thick wetting film intrudes between this monolayer and
the Ga-rich bulk phase. This is the first time that the
microscopic structure of a wetting film has been studied
and that the concentration profile of the wetting film has
been shown to vary on a level of several atomic diameters.
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